Abstract-In this paper, transmission spectrum and output intensity profile of a 1D photonic crystal micro-cavity is studied by using the transfer matrix method. It is shown that the transmission spectrum characteristics of the structure irradiated by a Gaussian beam are noticeably different from the plane-wave irradiation transmission spectrum. A ring-shape output intensity profile is observed under irradiation of a common Gaussian beam profile.
INTRODUCTION
Photonic crystals (PCs) that are introduced first time by Yablonovitch [1] and John [2] are periodic dielectric or metallic structures that are designed artificially to control and manipulate the propagation of light. A PC can be made with refractive index modulation of a medium either by arranging a lattice of air holes in the materials or by forming a lattice of height refractive index material embedded in a transparent medium with a lower refractive index in one, two or three dimensions. The main characteristic of a PC is the Photonic Band Gap (PBG) in which propagation of light with frequencies in the PBG will be prohibited while allowing other frequencies to propagate freely. It is well known that the PBG is a result of the destructive interference among the waves scattered by interfaces of the layers in the forward direction. In recent years, the potential applications of the PCs interest most of the researchers in this field [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Many analytical and numerical methods are proposed to investigate the optical transmission of the different structures. The numerical solution of the Maxwell equations [15] , plane wave transfer and scattering matrix [16] , Plane Wave Expansion (PWE) [17] and Finite Difference Time Domain (FDTD) [18] are among them. The wave transfer matrix method is one of the simple and most common methods to investigate the transmittance spectrum, dispersion curves and band-gap characteristics of the one-Dimensional Photonic Crystals (1D-PC). In this way, most studies have been using a plane wave irradiation with constant phase transversely. With regard to this fact that the output beam profile of the most lasers is Gaussian (TEM 00 -mode), obtaining the transfer matrix of a PC under irradiation of the Gaussian beam will be important (see Appendix A for details). It is obvious that the existence of a radial phase in the Gaussian wave, compared to that in the plane wave, will affect the PBG.
In this paper, the output intensity profile of an incident Gaussian beam is investigated. The Gaussian beam transfer matrix method is applied to investigations. The output intensity profile characteristics are studied for a symmetrically 1D photonic crystal micro-cavity structure. The results are completely different from the plane-wave illumination.
PC AND TRANSFER MATRIX UNDER PROPAGATION OF THE GAUSSIAN BEAM
We consider a 1D photonic crystal micro-cavity structure of (AB) N D (BA) N , composed from alternating layers of two distinct materials, medium A, medium B and defect layer D, with different refractive indices of n A , n B , n D and thicknesses of d A , d B , d D respectively (see Fig. 1 ). According to the results of Appendix A, we suppose a Gaussian beam with frequency of ω to be incident normally on the micro-cavity structure, and propagating along of z-axis. The 
where
and z 0 is the characteristic length parameter (Rayleigh range) of the Gaussian beam. In comparison with the plane wave, the last phase factor that depends on transverse coordinate r can affect the PBG. For r = 0 and also for long Rayleigh range, i.e., (r/z 0 → 0), the expression (1) changes to the common transfer matrix of the plane wave. The total thickness of the micro-cavity structure, with N periods, would be
If the condition L z 0 is satisfied, the transfer matrices of the total structure can be considered as the product of constructed layers:
Therefore, the total matrix connecting the fields at the incident plane and exit end will be M , which can be written as
where each of the M A , M B and M D matrices is given by Eq. (1) with their corresponding parameters, and m ij (r) are the elements of the total transfer matrix. Simple mathematical calculation gives the transmission coefficient t(r, ω) from the transfer matrix as following
With this result, the transmittance T (ω, r) is related to the transmission coefficient t by:
NUMERICAL RESULTS AND DISCUSSIONS
In the numerical analysis, the values of PC parameters are used as: n A = 2.4 (TiO 2 ), n B = 1.46 (SiO 2 ), n D = n A and N = 5. The optical thickness of layers A and B is set to be a quarter of the reference wavelength λ 0 :
We have designed the micro-cavity structure corresponding to the He-Ne laser wavelength (λ 0 = 632.8 nm). The transmittance of the proposed structure is investigated in the incident wavelength range 300-900 nm for different thicknesses of defect layer (d D ). In Figure 2 , we plot the transmittance spectrum of the microcavity structure versus wavelength, under propagation of the Gaussian beam, at three different values of d D for r = 0 (same as the plane wave irradiation). As one can see from Figure 2 , the PBG (550-750 nm) include a defect mode with a red-shift property by increasing the defect layer thickness and a little bit decreasing in height of the peak intensity. Figure 3 (a) shows top-view or density plot of the transmittance spectrum versus the normalized Gaussian transverse coordinate (r/z 0 ) for d D = 125 nm. The dark region and narrow white curve show the PBG and defect mode, respectively. Bending the band gap and defect mode to longer wavelengths (red-shift) with increasing the r/z 0 is seen. Figure 3(b) shows the closer view of the PBG and the defect mode.
We have simulated the intensity profile of the incident Gaussian beam and the output intensity profile from the proposed structure for incident wavelength of 632.8 nm. Figure 4 graphically shows the behaviors of the incident (a) and output intensity profiles ((b) 3D-view and (c) top-view). As seen, for a common incident Gaussian profile the output profile is in the form of a ring. The radius of the output ring depends on the optical constants (n D and d D ) of defect layer through the defect mode location. With increasing of n D or d D , the defect mode will be shifted to the higher wavelengths, and the radius of the output ring will be decreased. Physically understanding of the red-shift with increasing the r is very simple. In a Gaussian beam the outer rays (increasing with r), in comparison with the central ray, are obliquely propagating. Therefore, those rays, when propagate inside the structure, experience an extra optical path length with respect to the central ray. This extra optical path will change the Bragg-reflection condition which in turn will displace the PBG. In other words, the results of the Gaussian beam propagation (for r = 0) can be compared to the results of plane wave (for obliquely incident).
In recent years, the photonic-crystal-based Vertical Cavity Surface Emitting Lasers (PC-VCSELs) is getting more advanced. These devises have unique properties which make them a perfect choice for many applications. It seems that by using the mentioned procedure for 1D micro-cavity structure irradiated by a Gaussian beam the output intensity profile of a PC-VCSEL can be manipulated.
Propagation of the Gaussian beam through the PC and its shape changing had been investigated by using the ABCD law [19] . Of course, the effects of other parameters of the Gaussian beam such as the beam waist, focal point, divergence and convergence can be investigated using transfer matrix approach that will be considered in future works.
CONCLUSION
The Gaussian beam transfer matrix method is applied to investigation of the 1D photonic crystal micro-cavity structure of (AB) 5 D (BA) 5 . For the Gaussian beam the elements of the transfer matrix depend on the transverse parameter r, while they are transversely constant for the plane wave case. An r-dependent transmittance spectrum and PBG are found. With increasing r, a red-shift and a little bit decreasing in the height of the defect mode are observed. A ring-shape output intensity profile is obtained under incident of a common Gaussian beam profile. The radius of the output ring intensity is decreased with increasing the defect layer optical constants. The oblique propagation of the outer rays with respect to the central ray in the Gaussian beam is physically responsible for these effects. For long Rayleigh range, our results for the Gaussian beam are the same as that for plane wave.
APPENDIX A. TRANSFER MATRIX FOR A DIELECTRIC SLAB IRRADIATED BY A GAUSSIAN BEAM
The propagation of an optical wave in an isotropic media is governed by the wave equation:
where E( r, t) is the electric field, and P ( r, t) is the electric polarization. Under linear response the Fourier component of the electric field, E( r, ω), and electric polarization, P ( r, ω), is given by P ( r, ω) = χ( r, ω) E( r, ω), where χ( r, ω) is the electric susceptibility. The equation for the Fourier component of the electric field, Eq. (A1), would be as:
where ε( r, ω) = 1 + χ( r, ω) is the dielectric function. The Laplacian operator (∇ 2 ) can be broken up into transverse (∇ 2 t ) and the longitudinal derivative of the z component.
Consider normal propagation in the z-direction (layer is in x-y (or r − ϕ) plane). The electric field is polarized along r direction (normal to the propagation). The solution of Eq. (A3) is given by [15] E(r, z, ω) 
